The silkworm Bombyx mori L. (B. mori) has a significant impact on the economy by producing more than 80% of the globally produced raw silk. The exposure of silkworm to pesticides may cause adverse effects on B. mori, such as a reduction in the production and quality of silk. This study aims to assay the effect of venom from the jellyfish Nemopilema nomurai on growth, cuticle and acetylcholinesterase (AChE) activity of the silkworm B. mori by the leaf dipping method. The experimental results revealed that the four samples caused neither antifeeding nor a lethal effect on B. mori. The sample SFV inhibited B. mori growth after 6 days of treatment in a dose-dependent manner. The samples SFV, DSFV and Fr-1 inhibited the precipitation and synthesis of chitin in the cuticle after 12 and 14 days of treatment. In the case of the four samples, the AChE was significantly improved after 14 days of treatment.
Introduction
The silkworm Bombyx mori L. (B. mori) has an impact on the global economy, especially regarding foreign trade in China. B. mori produces more than 80% of the globally produced raw silk [1] . The silkworm growth environment is an important factor that affects the quality of silk. In recent years, accidents OPEN ACCESS frequently occurred in silkworm rearing as a result of pesticide applications to field crops, possibly close to mulberry trees. Pesticide poisoning has become a direct threat to silkworm production and causes more than a 30% reduction in the annual production of raw silk in China [2] . As a result, the effect of various substances as potential pesticides on silkworm has become an interesting issue. Some studies on the effect of pesticides and plant extracts on B. mori have been reported, especially dealing with toxicity, retardation of development and growth, mortality and food utilization [3] [4] [5] [6] . In addition, the silkworm is very sensitive to pesticide and can be employed as an indicator to evaluate the impact of substances as potential pesticides on environmental safety, which is part of the pesticide registration requirements in China and Japan [7, 8] .
Nemopilema nomurai Kishinouye (N. nomurai), 1922, is one of the most toxic types of giant jellyfish [9] . It has bloomed in the southern Yellow Sea and the northern East China Sea and its distribution is related to temperature and salinity [10, 11] . Most N. nomurai specimens are considered to be worthless and are thrown into the sea when collected in trawls due to their high water content (approximately 95%), fragility and difficulty of processing. However, jellyfish venom has been proven to have insecticidal activity and Stephanitis pyri Fabricius may be a potential target pest of jellyfish venom [12] , which can be reasonably considered as a potential pesticide.
Venomous animals produce diverse chemical cocktails for defense, prey capture, competitor deterrence, and/or extraoral digestion, and have been proven to be a valuable source of pharmacologically active compounds and a tool to study cell physiology [13, 14] . Reports about the potential application of venom in agriculture have primarily focused on the insecticidal activity of spider and scorpion venom [15] [16] [17] . However, no reports have addressed the effect of jellyfish venom on silkworm.
In an attempt to develop new tools as pesticides that do not compromise silk production and quality, the present study aims to assay the effect of N. nomurai venom on silkworm B. mori, which is selected as a model, by hypothesizing that this venom may affect growth, cuticle and the acetylcholinesterase (AChE) activity of a non-target insect.
Results and Discussion

Effect of Jellyfish Venom on Silkworm Growth
It was found that the third instar silkworm molted to the fourth instar on the third day, and the fourth instar silkworm molted to the fifth instar on the eighth day. Table 1 reports the effect of jellyfish venom on silkworm growth. The experimental results indicated that the four samples SFV, DSFV, Fr-1 and Fr-2 (SFV: Full venom extracted by phosphate buffer solution (0.01 mol/L, pH 6); DSFV: SFV dialysed in phosphate buffer solution (0.01 mol/L, pH 6); Fr-1: Precipitate from SFV subjected to 30% (NH4)2SO4; Fr-2: Precipitate from supernatant subjected to 60% (NH4)2SO4.) had no antifeeding effect on food intake of B. mori and no B. mori died. SFV inhibited B. mori growth after 6 days of treatment. The higher the SFV concentration, the stronger the inhibiting effect. Conversely, SFV and DSFV facilitated the growth of B. mori after 2 and 4 days of treatment, respectively. Fr-1 and Fr-2 facilitated the growth of B. mori after 2, 4 and 6 days of treatment. After the experiment, the remnant silkworms were fed with mulberry leaves without jellyfish venom; they subsequently cocooned. The third instar silkworms were fed with mulberry leaves that were soaked in the SFV, DSFV, Fr-1 and Fr-2 samples for 7 days. Each sample involved three dosages and phosphate buffer solution (0.01 mol/L, pH 6) was employed as control. The experiment involved three replicates per dosage and the control. 40 third instar silkworms were utilized in each replicate. The increment rate of mass (IRM) was counted after 2, 4 and 6 days of treatment, according to the following formula: IRM% = (mt − m0) × 100/m0, mt: mass after treatment; m0: mass before treatment. * p < 0.05, ** p < 0.01, n = 3.
The quality of mulberry leaves is the major factor that affects the quality and quantity of cocoons produced by the silkworm [5] . Generally, the toxic stress condition of insecticides alters, the metabolic function of the silkworm to satisfy the required energy demands, which may drastically reduce the silkworm weight. However, all venom samples facilitated the growth of B. mori. Jellyfish venom is mainly composed of proteins [18] and may provide B. mori with nutrition for growth. In addition, according to our previous studies [19, 20] , the protein molecular weights of Fr-1 and SFV ranged from 90 kDa to 300 kDa and from 10 kDa to 300 kDa, respectively. The protein molecular weight of Fr-2 was similar to the protein molecular weight of SFV, but the color of the bands from 10 kDa to 90 kDa was lighter than the color bands of SFV. The four samples had the growth factors of B. mori; the growth factors were primarily evident in the proteins with a minimum molecular weight of 90 kDa. The effect of extensively applied and commercial-grade insecticides such as iminoctadine, fentrothion, ethion and destruxin A, on the silkworm, including subacute and delayed toxicity, carbohydrate and protein metabolism in hemolymph and fat body, digestive enzymes, and food utilization were investigated [4, [21] [22] [23] [24] . In addition, the effects of some extracts from plants were also assayed. In particular, myricetin, crude extract from Waxberry leaves and the plant Datura suaveolens had no toxic effect on B. mori but had an antifeeding effect [25, 26] . Extracts from medicinal Euphorbia fisheriana and Chelidoniummaius L. had a toxic effect on B. mori [26] . Jatropherol I from Jatropha curcas seed oil had a strong stomach toxicity effect on B. mori, which inhibited its growth [27] . Thus, venom from jellyfish N. nomurai had no toxic effect on non-target insect silkworm B. mori and was safer than insecticides and extracts from plants. Table 2 shows the effect of jellyfish venom on silkworm cuticle. The samples SFV, DSFV and Fr-1 inhibited the precipitation and synthesis of chitin in the cuticle after 12 and 14 days of treatment. However, the inhibition was not dependent on the concentration. For the concentrations of 117 and 11.70 µg/mL, the sample SFV elicited the most significant inhibition (p < 0.01) after 12 days of treatment. The sample Fr-2 had no distinct effect on the chitin in the cuticle. The four samples had no regular effect on the protein and ash in the cuticle after 12 days of treatment. However, the four samples increased the content of protein and reduced the content of ash in the cuticle after 14 days of treatment. The protein content of the control after 14 days of treatment was significantly lower than the protein content of the control after 12 days of treatment, whereas the ash content of the control after 14 days of treatment was significantly higher than the control one after 12 days of treatment, indicating that the four samples inhibited the sediment of the mineral substance in the cuticle. The third instar silkworms were fed with mulberry leaves that were soaked in the SFV, DSFV, Fr-1 and Fr-2 samples for 7 days, and then fed with mulberry leaves without jellyfish venom to cocoon. Each sample involved three dosages and phosphate buffer solution (0.01 mol/L, pH 6) was employed as control. The experiment involved three replicates per dosage and the control. After 12 and 14 days of treatment, 10 silkworms were randomly taken from each replicate and the contents of chitin, protein, ash and lipid in the cuticle were determined. * p < 0.05, ** p < 0.01, n = 3.
Effect of Jellyfish Venom on Silkworm Cuticle
The insect cuticle served a very important role in the growth and development of insects. The integrity of the cuticular structure and function was substantially dependent on the maintenance of chitin in the structure of the cuticle. Chitin was the main component of the insect cuticle, for it represented 20%-50% of the dry weight of the cuticle. Because plants and vertebrates do not contain chitin, chitin can be employed as a safe and strong selective target of insecticides. If chitin was lacking, the layered structure of the cuticle was disturbed, such as the integrity of the procuticle and the assembly of the epicuticle, the detachment of the cuticle from the epithelium, and the influence on the formation of the normal morphology of the epithelium. In addition, the chitin involved in the process of the cuticular pigment and the degree of pigmentation was significantly reduced if the chitin was lacking [28] . A normal distribution of chitin and other processes related to chitin was critical to the synthesis of chitin in the insect cuticle. Any barriers or disorder may lead to the abnormal development of individual insects or embryonic lethality and other very serious consequences [29] . A complex set of biochemical and physiological transformations, such as the hormone regulation of chitin synthetase at the transcriptional and translational levels, posttranslational processing, guidance and transportation at correct sites of chitin synthetase clusters within the cells, the complex process of inserting chitin synthase clusters into the plasma membrane, were included in the synthesis and deposition of chitin [30] .
Candy and Kilby firstly proposed a chitin synthesis pathway for insect chitin synthesis that begins with glucose, terminates in uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc), and was confirmed in the study of a variety of insects [31] . In general, UDP-GlcNAc was transformed into chitin under the action of chitin synthetase, and the chitin was transported to the epidermis by the transmembrane. Chitin synthetase existed in the form of zymogen; its activity was dependent on the divalent cations Mg 2+ and Mn
2+
and required protease to activate [32] [33] [34] . Jellyfish venom possesses protease activity [35] but the chitin synthesis was inhibited by SFV. We speculated that SFV may inhibite UDP-GlcNAc transmembrane transport, thus blocking the chitin synthetase and UDP-GlcNAc to synthesize the chitin, according to Mitsui demonstrating that Diflubenzuron inhibited the chitin synthesis of cabbage armyworm [36] .
Effect of Jellyfish Venom on Silkworm AChE Activity
AChE is a key enzyme in the nerve conduction of insects, and the stimulation of postsynaptic membrane is terminated to ensure the normal transfer of neurotransmitter by degrading acetylcholine [37] . Table 3 shows the effect of jellyfish venom on silkworm AChE activity. Compared with the control, the four samples had no distinct effect on the AChE activity after 12 days of treatment. After 14 days of treatment, the four samples significantly improved the AChE activity. Of the four samples, Fr-2 had the most significant effect (p < 0.01), and the AChE activity increased by 3.39, 4.33 and 3.71 times at 173, 17.3, 3.46 µg/mL, respectively. The effect of the samples on the AChE activity had no significant correlation with concentration and was probably related to the physiology of the silkworm. Jellyfish venom is a type of protein with a unique structure [18, 20] and its activity may be similar to the activities of AChE, hydrolyzing acetylcholine into acetic acid and choline, which increased the AChE activity. The compounds in jellyfish venom that may bind to the enzyme and the type of activation that is involved required additional studies.
The primary biochemical mode of action of organophosphorus insecticides is the inhibition of AChE activity in animals. The inhibition of AChE in the central nervous system and the consequent blockade of the transfer of nerve impulses across a synapse was the major factor in the death of organophosphorus-poisoned animals. The organophosphorus insecticides had an adverse impact on silkworms, which may cause a drastic reduction in silk production [38] . The use of chemicals for plant protection requires extreme care and a safe period to prevent deleterious effects on non-target species. This study revealed that jellyfish venom can increase AChE activity. If the jellyfish venom is developed as a bioinsecticide, it can be interchangeably employed with organophosphorus insecticides to mitigate the adverse impact on non-target species. The third instar silkworms were fed with mulberry leaves that were soaked in the SFV, DSFV, Fr-1 and Fr-2 samples for 7 days, and then fed with mulberry leaves without jellyfish venom to cocoon. Each sample involved three dosages and phosphate buffer solution (0.01 mol/L, pH 6) was employed as control. The experiment involved three replicates per dosage and the control. After 12 and 14 days of treatment, 10 silkworms were randomly taken from each replicate and the AChE were determined. * p < 0.05, ** p < 0.01, n = 3.
Experimental Section
Animals
A commercial strain of the silkworm, B. mori (Chunlei × Zhenzhu) was obtained from the Qingzhou Shandong (China) Guangtong silkworm Group Co. Ltd.
Venom Preparation
Jellyfish N. nomurai specimens were collected in the Aoshan Bay in Qingdao, Shandong Province, China, in August 2012. The bloom of jellyfish has become increasingly more serious and significantly affects tourism, fishing, military affairs and marine sporting events. Thus, fishing for jellyfish is permitted by the department of fisheries in China. Tentacles were manually excised in vivo, packed in polythene bags, and immediately frozen at −20 °C. The frozen tentacles were subsequently sonicated in cold (4 °C) phosphate buffer solution (PBS, 0.01 mol/L, pH 6) eight times for 30 s each time at 100 mV. The sample was clarified by centrifugation (15,000 g) (Heraeus Fresco 17, Hanau, Germany) for 20 min at 4 °C and employed as full venom (SFV). SFV was repeatedly dialyzed in 0.01 mol/L PBS (pH 6.0) to remove metal ions from jellyfish tentacles and subsquently marked as DSFV. SFV was subjected to 30% (NH4)2SO4 saturation by adding solid (NH4)2SO4 with gentle stirring at 4 °C. The mixture was left for 2 h to enable complete precipitation to occur, and then centrifuged (15,000 g) for 20 min at 4 °C.
The precipitate (Fr-1) was removed, the supernatant was subjected to 60% (NH4)2SO4 saturation, and the entire process was repeated. Fr-1 and Fr-2 were repeatedly dialyzed in 0.01 mol/L PBS (pH 6.0) to remove (NH4)2SO4. SFV, DSFV, Fr-1 and Fr-2 were frozen at −20 °C until use. The concentration was determined by the method of Bradford [39] , using bovine serum albumin (BSA) as a standard.
Effect of Jellyfish Venom on Silkworm Growth
The third instar silkworms were fed with mulberry leaves that were soaked in the SFV, DSFV, Fr-1 and Fr-2 samples for 7 days, and then fed with mulberry leaves without jellyfish venom to cocoon. Each sample involved three dosages; and PBS (0.01 mol/L, pH 6) was employed as the control. The experiment involved three replicates per dosage and the control. 40 third instar silkworms were utilized in each replicate. The mass of B. mori was quantified with an analysis balance, and the mortality was recorded after 2, 4, and 6 days of treatment. The increment rate of mass (IRM) was counted according to the following formula:
(1) mt: mass after treatment; m0: mass before treatment.
Effect of Jellyfish Venom on Silkworm Cuticle
The silkworms were treated as previously described. After 12 and 14 days of treatment, 10 silkworms were randomly taken from each replicate. Contents of chitin, protein, ash and lipid in the cuticle were determined according to the following procedures [40] : (1) Silkworms were immersed in boiling water for 1 min to condense the protein. The heads, rumps and feet were sheared, the abdomen was cut along the midline and the muscle tissues and fat in abdomen were erased with absorbent cotton soaked in 70% alcohol; (2) The cuticle was washed with distilled water, placed in a constant weight crucible (m0) and dried to constant weight (m1) at 96-98 °C. The difference between m1 and m0 was the weight of the cuticle; (3) The cuticle was soaked in ether for 10-15 min to remove crude fat, and the ether was changed twice during this process. The cuticle was washed with distilled water and dried to constant weight (m2) at 96-98 °C. The difference between m1 and m2 was the weight of crude fat; (4) The cuticle was soaked in 18% KOH solution for 6 h at 60 °C to remove protein and the 18% KOH solution was changed four times during this process. The cuticle was washed with ethanol and distilled water thrice and dried to a constant weight (m3) at 96-98 °C. The difference between m2 and m3 was the weight of protein; (5) The residual cuticle was incinerated to constant weight (m4) in a muffle furnace for 3 h at 550 °C. The difference between m3 and m4 was the weight of the chitin and the difference between m4 and m0 was the weight of ash.
Effect of Jellyfish Venom on Silkworm AChE Activity
The silkworms were treated as previously described. After 12 and 14 days of treatment, 10 silkworms were randomly taken from each replicate and homogenized in 3 mL of ice-cold phosphate buffer. The resultant fluids were clarified by centrifugation (10,000 g) for 20 min at 4 °C and utilized as an enzyme solution (ES). The concentration of ES was determined from the Bradford method [37] , using BSA as a standard.
The AChE activity was determined according to the method described by Chen [41] . Eighteen small tubes were divided into six equal groups, and acetylcholine bromide (4 mmol/L) solutions (0.2, 0.4, 0.6, 0.8, 1.0, and 1.0 mL) were added to groups 1-6. Then, the volume of the reaction system calculated to be 1.5 mL by PBS (0.01 mol/L, pH 6). Two milliliters of a mixture of 2 mol/L H4ClNO and 3.5 mol/L NaOH solutions (1:1 ratio of temporary mixing) were added to groups 1-5. The reaction systems were shaken for 1 min, and the solutions of 1 mL 4 mol/L HCl were also added to groups 1-5. Then, the reaction systems of groups 1-5 showed different shades of color by adding 1 mL 0.37 mol/L FeCl3 solution. The control (the sixth group) was obtained by interchanging the added order of H4ClNO and NaOH mixture and HCl. The absorbance was determined at 540 nm. The standard curve was constructed with the volume of acetylcholine bromide in the reaction system and A540 as abscissa and ordinate, respectively. The 0.5 mL of ES was added to the reaction system with incubation for 40 min at 37 °C, and the H4ClNO and NaOH mixture, HCl and FeCl3 were successively added. As a result, the A540 value was conveniently determined. The AChE activity was calculated according to the following formula: A: the AChE activity; V: the volume of hydrolyzed acetylcholine bromide; C: the concentration of ES.
Statistical Analysis
All data were expressed as means ± SD of three parallel measurements. Data were analyzed by software SPSS (IBM, New York, NY, USA) and all tests were considered statistically significant at p < 0.05.
Conclusions
The four samples SFV, DSFV, Fr-1 and Fr-2 influenced the growth, cuticle and AChE activity of B. mori. However, no B. mori died, and the rest of B. mori was able to cocoon. The results concluded that jellyfish venom had no toxic effect on non-target insect silkworm B. mori and exhibited acceptable environmental safety. Therefore, as a type of natural substance, jellyfish venom has potential as a biopesticide. Additional experimental investigations are needed to explore the mechanism of the effect of jellyfish venom on chitin and AChE activity.
